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List of Symbols

A = K, K3 Zyy /uR

-a = Z%H /mR

b = Z, /m

D = d/dt. Differential operator

E = input to power amplifier, (volts)

Ep = KpE, output from power amplifier (volts)
i = current in coils (amps)

K = gain constant, (volt/volt)

Kp = power amplifier gain, (volt/volt)

Kps = back E.M.F. constant representing induced voltage per unit rate

of movement in the s th mode.
K3 = sensor sensitivity, volts per unit displacement., . . -
L = inductance of coil, (Henry).
m = mass of suspended model. (kg)
Mg = mutual inductance
n = high- to low-frequency gain ratio for a phase advance filter
R = resistance of coil and any series resistor, (ohms)
T = time constant, (secs)
T. = L/R, coil time constant, (secs)

V = output from pre-filter, (volts)

X = model displacement in out-of-plane mode

z = model displacement in Vertical Heave, (m)
Z = Vertical Heave component of magnetic force, (N)

37 aEp . . :
Zyg = - T V.H. force per unit change in coil current, (N/amp)

9z and also back EMF per unit velocity in V.H, (volt /m/s)

Z, = %% » change in force Z due to unit displacement, (N/m)
O = prefilter output representing Vertical Pitch rotation, (volts)
Superscripts

*
= sampled version of

ii



DIGITAL CONTROLLERS FOR THE
VERTICAL CHANNELS OF A MAGNETIC
SUSPENSION SYSTEM.

1. - Introduction

The Magnetic Suspension and Balance System (MSBS) at the University
of Southampton enables a model fitted with magnetic core to be suspended
in a wind-tunnel, with control over the full six degrees of freedom of
movement of the model. The system is described in Reference 1 and

briefly in the next section of this report.

As part of a programme of work under NASA Grant NSG-7523, the
controller used in the MSBS is being changed from an analogue version to
a digital filter version. This report describes the first step in this
conversion, in which two of the six degrees of freedom, viz vertical
heave and pitch, have been fitted with digital versions of the analogue
filters. These two channels then become digitally-controlled analogue

systems,

The objective of this first step is a limited one. The analogue
filters in the two channels had double phase advance transfer functions

of form

K 1+ nmTD 1 + nyT2D

1 + TiD 1+ ToD

The digital replacements aimed at similar transfer functions so that per-
formance comparisons could be made, and experience gained in digital

filtering.

An additional objective was to determine a mathematical model of
the analogue parts of the system, from power amplifiers to pre- filter
outputs in Figure 1, in particular for the vertical heave and pitch
channels. Ultimately a more complete calibration of the suspension system
will be needed since a knowledge of the magnetic forces and moments is

necessary for the 'balance' function of the MSBS.



2 - Description of S.U. MSBS with Analogue Controller

2.1 General Description

The Southampton University facility is a six degree of freedom
MSBS. Models can be controlled in vertical heave, pitch, lateral heave,
yaw, fore-and-aft, and roll. The system consigts of subsystems linked

as in Figure 1 and identified as:-
(1) Seven Coils arranged as in Figure 2 so as to produce a
magnetic field which acts on the model to produce force and moment

vectors in which all six components are controllable.

(2) The model, fitted with magnetic cores which interact with the
magnetic field.

(3) A set of optical semsors, six in all arranged as in Figure 3.

These monitor the position of the model. The information content as a
whole is sufficient to give displacements of the model in all six degrees

of freedom listed above. (Fig. 3 omits fore-and-aft and roll sensors.)

(4) A pre-filter which processes the sensor signals so as to

determine the model position as displacements in the six separate degrees

of freedom.

I

(5) A Controller consisting of a set of six comparators and

comg;psatlng filters, one for each degree of freedom. The signals from

these filters represent the six forces and moments required to be gener-

ated by the electromagnet coils.

(6) A Translator, which routes the signals from the filters to the

power amplifiers which drive the coils, in such a way that each signal will

control omne component of force or moment.

(7) A set of seven power amplifiers, one for each magnetic coil.

The pre-filter, controllers and translater perform the signal processing



functions by means of analogue circuitry as described in Reference 1.

2,2. The Analogue Controller

Each degree of freedom is controlled by a separate analogue con<
troller, on the assumption that there is little cross—coupling between
these channels in the plant. The controllers take the form shown in

Figure 4.

For vertical heave the controller's transfer function is
2
0.5 1 +0.031D
) 1 + 0.0033D )

This was checked experimentally using a harmonic response method. The

Bode Plots showing the experimental data appear as Figure 5.

For vertical pitch (rotation) the controller's transfer function

is 0.15 (L*0.0367 D) (1 +0.033 D) .
¢ (1 + 0.006 D) (1 + 0.0034D)

The harmonic response is shown in Figure 6.

2.3. The 'Plant' Mathematical model

e

The 'plant' in this context refers to Blocks 6, 7, 1, 2, 3, 4 in
Figure 1, which is that part of the system which was left in its original

form, mainly analogue.

The six inputs to this plant represent the controls for the six
degrees of freedom of the suspended model, and the six outputs represent
the measured displacements in these degrees of freedom. Over the dis-
placement ranges permitted by the sensor system, the translator and pre-
filter together ensure that there is little cross-coupling between the
degrees of freedom, so that any one input produces only one output. The
vertical heave (V.H.) and pitch rotation (V.P.) were chosen to be con-
trolled by digital computer and so the plant for these two channels only
are mathematically modelled. Both are described by the following analysis,

although the symbols used correspond to the vertical heave motion:-



The power amplifiers supplying the electromagnet coils use a

-thyristor-switched three-phase supply. This gives a 150 Hz sampling
system feeding the coils. However, at frequencies which are low com-
pared with 150 Hz the amplifiers may be modelled as giving an output

Ep proportional to their input E.

Thus Ep = Kp E. D
The voltage-current relationship for the coils is given by
. di dig s .
Ep = 1R +L°d—€ + EMSF + ZVH z + iKbs Xg
é’ iR + L'?l_t + Zyy % (2)

where it is assumed that intercoupling between channels is small, both
via mutual inductance Mg between coils and via back-EMF effects from
model motions in channels other than vertical heave. The back-EMF con-

stant Zyy is equal to the change in force per unit change in current i.

The force on the model depends upon the current in the V.H. coils
and upon the deviation of the model from its equilibrium position. The

motion about the equilibrium position is governed by the equation

m zZ= Zyg 1 + Z, 2 (3

where the steady state forces are ignored since they are in balance in

the equilibrium state.
Zyy 18 the change in magnetic force per unit change in coil current.

Z, is the change in lift force due to change of position. For vert-
ical heave model is in unstable equilibrium when the coil current is con-

stant so that Z, is positive.-

The pre-filter/sensor output V is proportional to the model position

z, and a low-pass filter is included. Thus.

vV = K3 z (4)

1 +7TD
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Overall Plant Transfer Function
Jvera e e

Eliminating i, z, Ep from equations (1) > (4) leads to a transfer

function relating pre-filter output V to power amplifier input E which is

A —
(1+TD)(1+TCD5 (02 + aD -b)

y
E

where A = Kp K3 ZVH/mR

2
= mR

a ZVH/

b = Zz/m

Tc': L/R
e . 2 2 . £ 4 10_3
and it is assumed that L. ZVH <« 1. 1In fact L. ZVH is of order .

R R R =R

Numerical values for the plant constants A, a, b, T, were obtained by

fitting the transfer function to experimentally obtained data. Since the
plant is not controllable in its open loop form the loops were closed via
the analogue controllers, and in this form the harmonic responses were
obtained. These are shown on Nichol's Charts in Figures 7 and 8. Follow-
ing the 'subtraction' of the controllers the resulting plant responses
were deduced. These are shown on the Nichol's Charts and again in Bode

Form on Figures 9 and 10.

The following transfer functions of the fourth order form shown in

Equation 5 were deemed to be good enough fits to the experimental data over
the frequency range 2 + 25 Hz. (See Figures 9 and 10):

Vertical heave 'plant': V 4730
E p2(1 + 2y + 2o
40 600
Pitch angle 'plant': v o_ 8500
E pZ(1 + 0.019D)



From a comparison with Equation 5 it may be seen that:

(a) the back-EMF term a and the positional stiffness term b play
little part in stability aspects of the suspension system. The analysis
of the term Z; in Reference 1 indicates that the lateral stiffness has a
greater value than the vertical stiffness but the term may be ignored
when dealing with the stability of the suspension system over small angles

to the tunnel axis.

(b) the mass (or inertia) of the model affects predominantly the
term A in Equation 5 and so changes of model may be compensated by changes

in controller gain.

BB S T TR
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3. Digital Controllers for Vertical Heave and Pitch

The controllers required were intended to be direct replacements

for analogue filters having transfer functions:

Heave: E . o 5 (L+0.031D)°
z (1 + 0.0033 D)2

(1 + 0.0367 D)(1 + 0.033 D)
(1 + 0.006 D) (1 + 0.0034 D)

Pitch:

o\t

= 0'15

Algorithms were based upon the difference equation approximations of

the differential equations represented by these transfer functions. The

difference equations for a single stage phase advance % : ;gD are devel-

oped in Appendix A and appear as Equations Al, A2, A3, Each of the con-

trollers consists of two stages of phase advance, and these are applied

sequentially.

The constraints imposed were:

(a) The A/D converters were both 0-10 volt to 12-bit converters,
giving a resolution of one part in 4096. Word lengths within the processor
were normally 16-bit; double length words were used as necessary. The
D/A conversion was 12-bit to 0-10 volts for Vertical Heave and 8-bit to

0-4 volts for Vertical Pitch.

(b) Fixed point integer arithmetic was used in order to achieve

speed in processing. Fast floating point arithmetic was not available.

Care was needed to ensure that suitable scaling was used throughout
the processing so as to avoid the extremes of very coarse resolution due to
under-filling a register on the one hand, and of over-fillimg a register on
the other hand. Double length arithmetic was used where appropriate with-

in the algorithm.

(¢) 1500 Hz sample rate was used — an arbitrary decision, but one

which was safe in that the sampling had little effect upon system stability.

(d) Assembly level language was used for fast real-time processing

(Macro eleven)



Vertical Heave

The controller used algorithms which approximate a transfer function

2
E _ 4.5 (1+0.032D)
(1 + 0.004 D)2

The slight differences between this and the analogue controller were

made in order to round off numbers in the binary code.

The algorithms used were:

by = z¥(K) - y1(k-1)

y100 = {Z*10 + sy1a-n) /6
y200 = {5100 + 8.8;} /2

by = yak) = y3(k-1)

y3() = {yp00) + 5y3(k-1)} /6
E(w) = y3(k) + 8.4,

A listing of the computer programme is shown in Appendix B.

Vertical Pitch

The controller used algorithms which approximate a transfer function

(1 + 0.029 D) (1 + 0.032 D)

02 41 570.007D) (1 +0.004D)

The algorithms used were:

a1 = 80% (k) -y (k-1)

y1(k) = [80* () + loyp (-1} /11
y2(k) = yi(k) + 4
4

by = yo(k) - y3(k-1)



g3 = fya00 + SyaGeD /6

E(k) = {y3(g) + 851\2} /64

N.B. The algorithm takes account of the discrepancy hetween the C-10 volt

range of the input to the A/D, and the 0-4 volt cutput of the D/A.

A listing of the programme is shown in Appendix B.

Bode Diagrams for the above controllers are shown in Figures 11 and
12. In practice the sample - compute~ hold process also introduces a phase
lag, and the Bode Plots of the practically achieved controlllers, from
analogue input to analogue output, are also shown for the sampling fre-

quency of 1500 Hz.



4. Discussion of the Digitally Controlled Suspension System

The performance of the suspension system with the digital controllers
was similar in most respects to that with the analogue controllers. The

stiffnesses, natural frequencies and damping ratios were comparable.

The major difference in performance was in the amount of noise in
the system, or the effect of that noise upon model movement. There was
more random movement of the model when using the digital controllers than
when using the analogue versions. In vertical heave the amplitude of move-
ment was of order + 0.5 mm (2% of maximum displacement), whereas with the

analogue controller there was virtually no movement.

Some tests were performed to establish the socurce(s) of ncise and to
reduce it or to reduce its conseguences. Full diagnosis and eliminatien
has not been completed since the electromagnet assembly has been dismantled
and access to the eguipment has been interrupted. FHowever the folleowing

observations may be made.

(1) The suspension system controllers used throughout the work report-

ed here have been ones which have very high ratiocs of high- to low- freguency

gains., The double phase-advance system in vertical heave has a ratic of

100, and this inevitably calls for careful control of noise con the sensor

system is inherently more noisy than an analogue system and a direct re-
placement of a double phase-advance filter is not the best approach to

digital control. An alterrative form of controller is being studied.

(2) One source of noise was that picked up in the cables linking the
computer with the rest of the hardware. These cables were of appreciable
length, about 25 metres compared with very shert lergths to the analogue
controllers. In both cases the inputs to the centrollers contained spikes

picked up from the switching of the thyristors in the power amplifiers,

In the analogue system there was no special provision beyond clipping

the amplitude of the spikes or the centrcllers' outputs.

On the digital system a low-pass (anti-aliasing) filter was included

at the input to the A/D converter. The attenuation at the sampling frequency

(1500 Hz) was such as to reduce spike amplitudes to the level of cne bit

( 10 volts) or less i.e. to less than the resolution of the A/D.
4096

- 10 -
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This produced & measure of improvement in the amplitude of the ambient

model motion but it was still poor compafed with the analogue system.

(3) A second source of noise generation is at the D/A, which gave an
output with significant 1500 Hz repetition rate visible. This, together
with mains hum (50 Hz) and thyristor-switching spikes, was present on the
signal inputs to the power amplifiers, By contrast the analogue controllers'

outputs contained only mains hum and the v.h.f. thyristor-switching spikes.

Since the power amplifiers have three-phase thyristor-switched con-.
trols they are sensitive to noise at their input. Tbey operate in some
sense as a sampling device and so have aliasing characteristics with a
sampling frequency of 150 Hz. These power amplifiers work well with the
analogue controllers despite evidence of v.h.f spikes at the controlleré'
outputs, but their response to the D/A signal is felt to be the major cause
of the 'noise' on the model movement. Certainly an analogue computer simul-
ation of a plant obeying the overall transfer function given in equation (5
exhibits no such noise when controlled by the same digital controller; the
simulated plant did not include a representation of the sampling action of

the power amplifiers.

Non-availability of the real plant has led to an interruption of the
work aimed at full confirmation of the above and at improving the compati-
bility between D/A and switched power amplifiers. It is clear, however,
that it is importamt to avoid noise generation at a D/A which is being

followed by a sampling device, especially if the samplirg rate is low.

(4) The sampling rate (1500 Hz) used for the digital controller was
sufficiently high compared with the system resonant frequerncy (15 Hz) for
the zero-order hold and the computing time delay to have insignificant adverse
phase effects. The frequency margin permitted the use of a low-pass anti-
aliasing filter which gave satisfactory high frequency noise attenuation
without adverse phase effects. A lower sampling frequency could have been

used without significant deterioration of the suspension damping.

It is worth noting that when choosing the minimum sampling rate for
this system the phase implications must be carefully considered im corder
that the suspension system maintains wide stability margins. The lowering
of the sampling rate will normally imply lowering the pass band of the

anti-aliasing filter, and both will have adverse phase effects.

_11_



(5) The ease of writing the software for the controller would be
improved by the use of a fast floating-point facility. The constraint of
fixed point arithmetic has necessitated care in achieving suitable scalings

to avoid overflow and to maintain good resolution throughout.

- 12 -
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5. Summary and Future Developments

5.1 Summary

Digital control of a megnetically suspended model has proved possible

albeit with an increase in the ambient model motion due to noise.

Sensor noise entering the noise-semsitive controller has contributed
a negligible amount to the increase in model motion. This is primarily due
to the use of a high sampling frequency (1500 Hz) compared with the system
natural frequency (15 Hz), allowing large attenuation of noise by an anti-

aliasing filter.

The major source of noise is thought to be the controllers® D/A con-
verter. This is aggravated because it feeds a power amplifier which has
a low frequency (150 Hz) thyristor-switching control, This situation is
particular to the suspension system currently in use and should be improved

by the following developments.

5.2 Future Developments

mhe following developments impinge directly upen the controller

development.

The plant hardware is being modified in that:-
(i) the magnetic coil configuration is being altered.

(ii) the power amplifiers are being replaced with units having a
much increased switching frequency. This should allow a major reduction

in the ambient model motion.

The controlier hardware is being modified by the replacement of its
D/A. As a consequence of the work reported here its noise specification

will be reviewed.
Alternative direct-digital control of power to the coils is worth

exploring.

A less noise-sensitive control algorithm is being developed, suitable

- 13 -
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a Phase Advance Transfex Funetion .

The transfer functiom 2 _ 1L+n3ID
L3 1 +7TD

may be separated inte deromipator and numerator and shown in sequential

ferm as:—

& di 20 T ; %
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L !
Numerator
Alsn since ; e 1+nTD
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